Human fibrillin-1 is an extra-cellular matrix glycoprotein with a modular organisation that includes 43 calcium-binding epidermal growth factor-like (cbEGF) domains arranged as multiple tandem repeats interspersed with transforming growth factor b binding protein-like (TB) domains. We have studied Marfan syndrome-causing mutations which affect calcium binding to cbEGF13, and demonstrate that in human fibroblast cells they cause unexpected endoplasmic reticulum retention, indicative of a folding defect. Biochemical and biophysical studies of in vitro refolded fragments from the TB3-cbEGF14 region indicate long-range and unidirectional effects of these substitutions on the adjacent N-terminal domain cbEGF12. In contrast, only short-range effects of a pathogenic mutation affecting calcium binding to cbEGF19 are observed, and secretion of this mutant protein occurs. Further NMR studies on wild-type cbEGF12 -13 and cbEGF12 -14 identify a co-operative dependence of domain folding where calcium binding to cbEGF13 is required before cbEGF12 can adopt a native Ca 21 -dependent fold. These data demonstrate that during biosynthesis of fibrillin-1, multiple tandem repeats of cbEGF domains may not necessarily fold independently and therefore missense mutations resulting in identical substitutions may have different effects on the fate of the mutant protein. Complex folding of modular proteins should therefore be considered when interpreting the molecular pathology of single-gene disorders.
INTRODUCTION
Human fibrillin-1 is a 350 kDa modular glycoprotein ( Fig. 1 ) and a major component of the 10 -12 nm extra-cellular matrix (ECM) microfibrils (1) . Mutations in the gene for fibrillin-1 (FBN1) cause Marfan syndrome (MFS), OMIM #154700, an autosomal dominant hereditary disorder of connective tissue (2) . The disease has prominent manifestations in the skeletal, ocular and cardiovascular systems and exhibits significant phenotypic variability ranging from a severe neonatal form (nMFS) to abnormalities in individual organ systems (related disorders) (reviewed in 3, 4) . The use of mouse models has demonstrated that a critical threshold of microfibrils is needed to maintain normal connective tissue function (5 -7) . This is, in part, due to the structural role of microfibrils in the maintenance of cell -matrix interactions, but also due to their modulation of transforming growth factor-b (TGF-b) levels in ECM via the binding of the TGF-b binding proteins (LTBPs) to fibrillin-1 (8, 9) . Both haploinsufficiency and dominant negative mechanisms of pathogenesis have been proposed for MFS, consistent with the range of fibrillin-1 biosynthetic and secretory defects observed in patient-derived fibroblast lines (10 -13) .
The most common module type in fibrillin-1 is the epidermal growth factor-like (EGF) domain, which is approximately 45 residues in length and characterized by six highly conserved cysteine residues that form three intra-domain disulphide bonds and stabilize the global domain fold. For 43 of the 47 EGF domains in fibrillin-1 an additional consensus sequence confers on the domain the ability to bind Ca 2þ ( Fig. 2 ) (14) . The bound calcium, together with a hydrophobic packing interaction, performs a key structural role in restricting inter-domain flexibility that may facilitate protein-protein interactions (15) (16) (17) and also protects the domains against proteolytic cleavage (18, 19) .
In common with other genetic disorders, missense mutations account for a major fraction (60%) of pathogenic mutations associated with MFS which currently number greater than 600 (http://www.umd.be) (20, 21) . The majority of these are localized to cbEGF domains, and include those which result in substitution of calcium-binding residues or cysteine residues involved in the formation of disulphide bonds. Recent studies have suggested some emerging phenotype -genotype correlations (22 -25) , but the most striking remains a clustering of mutations that cause nMFS in exons 24 -32 encoding TB3 and cbEGF11-18 (26) . However, mutations which cause classic MFS as well as milder phenotypes are also found in this region. The phenotypic diversity observed in this region, in particular in cbEGF13, suggests that it plays a critical role in fibrillin-1 folding, early assembly or interactions with other matrix components.
Here we present cellular trafficking, biochemical and biophysical studies of FBN1 missense mutations in cbEGF13 which affect the cbEGF consensus residues involved in calcium binding (Fig. 2 ). D1113G and N1131Y affect sidechain ligands for the same calcium ion and give rise to classic MFS (27) and nMFS (28) , respectively, while D1115G is involved in stabilization of the calcium-binding site and gives rise to classic disease (26) . From previous studies, one would predict that a dominant negative pathogenic mechanism would underlie substitutions affecting calcium binding and involve normal trafficking and secretion of the mutant protein to the ECM, since the global fold of the cbEGF domain should not be affected. Here we demonstrate that in a eukaryotic recombinant expression system these substitutions in cbEGF13 cause unexpected endoplasmic reticulum (ER) retention consistent with a protein-folding defect. To understand the structural basis for retention of these proteins, the substitutions have been introduced into multi-domain constructs expressed in a prokaryotic system and refolded in vitro. Their molecular properties have been compared with those of the wild-type constructs by limited proteolysis, chemical chelation and NMR analysis. Our data demonstrate that cbEGF13 calcium-binding substitutions result in long-range and unidirectional structural effects on this region by impairing the folding of cbEGF12 and indicate a previously unrecognized dependence of domain folding on the adjacent module. These findings differ from those we observe for a pathogenic mutation, N1382S (29) , affecting calcium binding in cbEGF19, which causes short-range structural effects and results in normal secretion. These structural Figure 1 . The domain organization of fibrillin-1. The cbEGF domains are arranged as multiple tandem repeats separated usually by a single TB domain. Other domains include two hybrid domains which contain characteristics of both the EGF and TB domains, a proline-rich region and unique N-and C-termini. The positions of the neonatal region and the constructs studied here are indicated. Constructs expressed as His-tag fusion proteins, purified and refolded in vitro are indicated above the fibrillin-1 illustration and the eukaryotic expression fragment indicated below. An asterisk shows the position of cbEGF13. data provide an explanation for the different trafficking effects associated with apparently identical substitutions in cbEGF domains and indicate that complex folding behaviour must be considered when interpreting the effects of missense mutations on cbEGF domains in fibrillin-1 and other modular proteins.
RESULTS

Substitution of residues involved in calcium binding to cbEGF13 result in ER retention
The trafficking of recombinant fragments was investigated in the MSU-1.1 human fibroblast cell line which has been shown to assemble extra-cellular microfibrils, and contains all the cellular factors required for fibrillin-1 folding, processing, secretion and assembly (30) . A fibrillin-1 cDNA fragment encoding the N-terminus to the proline-rich region was cloned into the pKG52(poly A) expression vector, as previously described (31) . A second fragment encoding wildtype cbEGF11-22, or cbEGF11-22 containing pathogenic calcium-binding substitutions D1113G, D1115G, N1131Y(S) all in cbEGF13, E1073K in cbEGF12 and N1382S in cbEGF19, was cloned downstream of the N-terminal fragment (Figs 1 and 2 ). SDS -PAGE of conditioned medium from pools of transfected clones followed by western blot analysis with an antibody raised against the proline-rich region of fibrillin-1 is shown in Figure 3A . The wild-type NterPro-cbEGF11 -22 construct was detected in the conditioned medium. However, no fragment was evident in the medium in the case of D1113G, D1115G, N1131Y or N1131S. In contrast, E1073K in cbEGF12 (data not shown) and N1382S in cbEGF19, were detectable at levels comparable with that of the wild-type fragment.
Western blot analysis of the cell lysate fractions of pools of clones containing D1113G, D1115G, N1131Y or N1131S showed that these fragments were expressed but retained inside the cell to high levels (this is illustrated for D1115G in Fig. 3B ). We reported previously (31) that the wild-type NterPro-cbEGF11 -22 construct detected in conditioned medium is N-glycosylated. As a consequence it displays susceptibility to hydrolysis by Peptide: N-Glycosidase F Figure 3C ). This is consistent with retention in the ER compartment, where simple sugar addition takes place. A summary of the expression profiles of the NterPro-cbEGF11 -22 constructs containing the calcium-binding substitutions studied here is shown in Figure 3D .
Purification of wild-type and mutant constructs from the TB3-cbEGF11 -14 and cbEGF18 -20 regions
The observed ER retention associated with the cbEGF13 substitutions suggests that protein misfolding is the cause of the underlying defect. To probe their structural effects, we have placed each substitution in a native context in triple and multidomain constructs that have been expressed in a prokaryotic system and refolded in vitro essentially as described previously (32) (33) (34) . The purified in vitro refolded constructs were analysed on non-reducing and reducing SDS-PAGE and showed the presence of a single protein species. The experimental molecular masses, determined by electrospray mass spectrometry, agreed well with the predicted values confirming the identity of the purified constructs (Supplementary Material, Table S1 ). Native folding of cbEGF domains in the wild-type constructs was confirmed by NMR analysis and limited proteolysis (see below). NMR analysis also confirmed native folding of TB3 in the TB3-cbEGF11 -13 wild-type and D1115G constructs by the presence of two structural markers associated with the TB fold that have been identified previously (35) in NMR spectra of wild-type TB3-cbEGF11 (data not shown).
Limited proteolysis indicates a long-range N-terminal effect of cbEGF13 calcium-binding substitutions
Fibrillin-1 cbEGF domains are resistant to in vitro proteolysis in the presence of Ca 2þ . However, a number of substitutions have been shown to increase susceptibility to proteolysis (19, 36) and this technique can be used to identify their structural effects on each domain (34, 37) . SDS -PAGE analysis of tryptic digests of cbEGF12-14 constructs showed Ca 2þ -dependent protection (50 mM) of the wild-type but not the mutant constructs ( Fig. 4A and B) . N-terminal sequence analysis (Supplementary Material, Table S2 ) of digestion products from wild-type cbEGF12 -14 in the presence of EGTA (25 mM) identified the same cleavage sites as were observed in a previous study (34) in both cbEGF12 and cbEGF14 and all sites displayed a Ca 2þ -dependent protection. In contrast, the three mutant constructs (D1113G, N1131Y and N1131S) investigated here did not show protection of the sites in the N-terminal domain (cbEGF12), although sites in cbEGF14 were protected as in the wild-type protein. The locations of the cleavage sites are mapped on to the structure of cbEGF12 -14 in Figure 5A .
In order to determine the extent of disruption in the Nterminal direction by the calcium-binding substitutions in cbEGF13 and to confirm that the observed effects on cbEGF12 are similar when this domain is placed in a native context, the larger TB3-cbEGF11-13 construct was also subjected to tryptic digestion. SDS -PAGE analysis (data not shown) again showed a protection by calcium for the wild-type construct but not for the D1115G or N1131Y constructs. The cleavage sites identified by N-terminal sequence analysis for this larger construct are shown in Supplementary Material, Table S3 . The wild-type TB3-cbEGF11 -13 in the presence of EGTA (50 mM) displays the same sites in cbEGF12 as revealed in cbEGF12-14 and calcium-dependent protection 
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Human Molecular Genetics, 2007, Vol. 16, No. 8 from proteolysis of these sites was observed. Significantly, as demonstrated above for the triple construct, the introduction of a calcium-binding substitution into cbEGF13 of TB3-cbEGF11 -13 again abolished the protection by calcium of these sites in cbEGF12. In cbEGF11, sites 1046 NTIGSFKC, 1053 CRCDSGFA and 1055 CDSGFALD which were protected by calcium in the wild-type TB3-cbEGF11 -13, lost protection in the TB3-cbEGF11-13 D1115G and N1131Y constructs (Fig. 5A ). Other novel trypsin cleavage sites observed in the mutants but not the wild-type construct appear in cbEGF11 ( 1028 DINECK) and cbEGF13 ( 1126 GGVCH) and may indicate the presence of a non-native fold in these domains. . Schematic representations of (A) the TB3-cbEGF11-14 region and (B) cbEGF18-20 to show tryptic cleavage sites. The positions of calcium ions bound in wild-type constructs (red) and aromatic residues used as structural markers for NMR analysis-tyrosine (blue), phenylalanine (green) and histidine (grey) are indicated. The mutated residues are indicated in red. Disulphide bonds of cbEGF11, 12 and 13 are indicated by dashed lines as they may not form correctly in the mutant constructs. Tryptic digestion was carried out on wild-type and mutant constructs in the presence of 25/50 mM EGTA or 50 mM CaCl 2 . The sites that lose calcium protection in the mutant constructs are shown as black arrows. The sites that show calcium protection in both wild-type and mutant constructs are shown as white arrows. Additional cleavage sites identified in the mutant constructs are indicated with asterisks. The site 1126 GGVCH in cbEGF13 was only revealed in TB3-cbEGF11-13 mutant digests.
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In contrast to the cbEGF12-14 mutant constructs, analysis of the calcium-binding substitution, N1382S, introduced into cbEGF19 of cbEGF18 -20, demonstrated protection against digestion by calcium (Fig. 4C) . N-terminal sequence analysis of cbEGF18-20 wild-type and N1382S constructs (Supplementary Material, Table S4 ) showed cleavage sites in domains 18 and 19 and all sites were protected by Ca 2þ . The protection observed in cbEGF19 of the N1382S mutant domain can be attributed to the low-affinity Ca 2þ -binding, which is retained in the mutant (see below). The positions of these cleavage sites are mapped on to a schematic structure of cbEGF18 -20 in Figure 5B . These experiments reveal significant qualitative differences between the calcium-binding substitutions in cbEGF19 and cbEGF13, with the effects of N1382S confined to the mutant domain. This is not due to the difference in charge of the amino acid substituted in cbEGF19, since the protein engineered N1131S gave identical results to the other cbEGF13 mutants studied (Supplementary Material, Table S2 ). Given the fact that these proteolysis studies demonstrate a long-range effect of each cbEGF13 substitution on cbEGF12, suggesting a loss of the Ca 2þ -dependent native fold in this domain despite the fact that it has the native sequence, one may speculate that protein misfolding underlies the trafficking defects observed.
Chemical chelation provides K d values for high-affinity Ca 21 -binding sites in wild-type and mutant constructs
Calcium titration assays with the chromophoric chelator, 5,5 0 -Br 2 BAPTA were used in conjunction with NMR to provide domain-specific K d values of high-affinity Ca 2þ -binding sites of wild-type and mutant constructs (Fig. 6 ). These data provided further detailed insight into the extent of disruption introduced by the calcium-binding substitutions than obtainable from proteolysis alone.
Wild-type cbEGF12-14 contained two high-affinity calcium-binding sites, which on the basis of previous studies (32, 38) could be assigned to cbEGF13 and cbEGF14 ( Table 1 ). The cbEGF12 -14 D1113G, D1115G and N1131Y constructs were each found to have only a single high-affinity calcium-binding site in cbEGF14, consistent with the introduction of a substitution predicted to reduce calcium binding to cbEGF13. The titration curve for a previously studied folding substitution, G1127S in cbEGF13, appeared more like that of the wild-type protein than did those for the Ca 2þ -binding mutants (Fig. 6 ) and the data gave a good fit to a model with two high-affinity calcium-binding sites demonstrating that this mutant is able to bind calcium in both cbEGF13 and cbEGF14. This is consistent with previous data obtained from proteolysis which showed that cleavage sites in cbEGF12, cbEGF13 and cbEGF14 were protected by calcium despite the presence of the G1127S substitution (34) .
The wild-type TB3-cbEGF11 -13 fragment could be fitted to a model with three calcium-binding sites with K d values of 4, 7 and 18 mM. High-affinity calcium binding in the range that is measurable with 5,5 0 -Br 2 BAPTA was not detected for the TB3-cbEGF11 -13 D1115G construct.
The wild-type cbEGF18-20 construct showed only one highaffinity calcium-binding site with a K d value of 1.4 + 0.2 mM (n ¼ 3) expressed as mean + SD. This high-affinity site was lost in cbEGF18-20 N1382S and can therefore be assigned to the cbEGF19 domain; this was subsequently confirmed by NMR analysis (see below).
NMR analysis identifies a low-affinity calcium-binding site in cbEGF12 of the wild-type, but not the D1115G, cbEGF12 -14 construct Previously, we have used shifts of NMR resonances assigned to the calcium-binding consensus aromatic residue to quantitate the low-affinity calcium binding typically observed in cbEGF domains located at the N-terminus of a multidomain fragment. In this study we monitored F1093 (Fig. 5A) to gain insight into the loss of structural integrity of cbEGF12 
The K d values reported for cbEGF13 and cbEGF14 in the wild-type construct are the macroscopic K d values obtained directly by chelation. The site-specific microscopic K d values lie between these values but are too similar to be distinguished by NMR. 
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revealed by proteolysis experiments. Residue F1093 in cbEGF12 gives rise to two peaks, H d and H e , that can be monitored in 1D NMR spectra of wild-type cbEGF12 -14 (Fig. 7A) . Chemical shift changes of these peaks were monitored as the calcium concentration was raised from 0.6 to 35 mM. The changes in chemical shift of F1093 allowed a K d value of 1.8 mM to be assigned to cbEGF12. This is similar to a published value of 1.6 mM determined for the cbEGF12-13 pair and is as expected for an N-terminal cbEGF domain (38) . The absence of a chemical shift change for F1093 in the spectrum of D1115G cbEGF12-14 indicates that calcium binding is abolished in cbEGF12, despite the fact that this domain has a native sequence (Fig. 7B) .
Domain-specific assignments of K d values to wild-type and mutant cbEGF12 -14 constructs by NMR
NMR analysis was used to confirm the domain-specific assignments of K d values obtained by chelation analysis and provide further insight into the structural effects of cbEGF13 substitutions. Figure 7A shows that cbEGF13 binds calcium with high affinity in the wild-type protein as demonstrated by changes in the chemical shifts of Y1136, the consensus Ca 2þ -binding residue in cbEGF13, and of Y1101, the packing residue in cbEGF12, on going from 0 to 0.6 mM Ca 2þ . In the spectrum of the D1115G mutant (Fig. 7B ) the absence of chemical shift changes for Y1101 and Y1136, confirms In the spectrum of the wild-type construct (Fig. 7A) , the observed change in chemical shift for the peak arising from Y1178, the marker for calcium binding to cbEGF14 and of H1144, the packing residue in cbEGF13, on going from 0 to 0.6 mM Ca 2þ is indicative of high-affinity binding. The spectrum of the D1115G mutant (Fig. 7B) shows that these peaks have shifted in the same way on going from 0 to 0.6 mM Ca 2þ and confirms the retention of high-affinity Ca 2þ -binding in cbEGF14 and the formation of an inter-domain packing interaction between cbEGF13 and cbEGF14. NMR analyses with cbEGF12 -14 containing an N1131S substitution produced analogous results (data not shown) also demonstrating a loss of Ca 2þ binding in cbEGF12 and 13 with retention of high-affinity binding in cbEGF14. These data thus allow domain-specific assignments of K d values obtained by chelation to cbEGF12 -14, and indicate a loss of calcium binding to both cbEGF12 and cbEGF13 in the cbEGF13 mutants.
NMR analysis of wild-type cbEGF18 -20 and the N1382S mutant demonstrates Ca 21 binding to cbEGF18, cbEGF19 and cbEGF20
The NMR spectrum for cbEGF18-20 wild-type (Fig. 8A) shows high-affinity behaviour for Y1387, which allows the 1.4 mM K d , determined by chelation, to be assigned to cbEGF19. The change in chemical shift of resonances assigned to F1346 and Y1427, the calcium-binding consensus aromatic residues at the N-terminus of cbEGF18 and cbEGF20, respectively, gave K d values of 3.6 mM and 60 mM for these domains in the cbEGF18 -20 wild-type construct. In the spectrum of the N1382S mutant (Fig. 8B ) chemical shift changes for F1346 and Y1427 indicate Ca 2þ affinities close to wild-type values (3.9 mM and 58 mM). The consequences of this substitution are thus confined to the mutant domain and differ from the long-range effects of calciumbinding substitutions in cbEGF13. Further, the observed chemical shift change for Y1387 indicates that weak Ca 2þ binding, with a K d value of 14 mM, is maintained in cbEGF19 despite the N1382S substitution. This low-affinity binding explains the Ca 2þ -dependent protection against proteolysis of a cleavage site in cbEGF19.
Evidence for Ca 21 -dependent co-operative folding of cbEGF12
Our data for mutant constructs indicate that loss of calcium binding to cbEGF13 prevents cbEGF12 adopting a Ca 2þ -dependent fold, suggesting that cbEGF12 does not fold independently. If correct, then NMR analysis of calcium binding to wild-type constructs containing cbEGF12 and 13 should reveal evidence for ordered structural changes in this region. The changes in chemical shift of peaks assigned to F1093, the consensus aromatic residue in cbEGF12, in the cbEGF12 -13 and cbEGF12 -14 wild-type constructs are associated with the low-affinity binding to cbEGF12 (see above). However, it was noted that on the addition of small amounts of calcium there were unexpected changes in the peaks arising from F1093 in both cbEGF12-13 (data not shown) and cbEGF12 -14 (Fig. 7A ). The addition of calcium early in the titration should lead to changes in the peaks arising from residues associated with high-affinity binding rather than those involved in low-affinity binding. The changes in the peaks of F1093 observed in the spectra at low calcium concentrations indicate that residues close to the N-terminus of cbEGF12 are affected by the high-affinity calcium binding in cbEGF13. We propose that calcium binding to cbEGF13 causes a conformational change in the interface between cbEGF12 and cbEGF13 and that this change is essential to stabilize cbEGF12 allowing it to bind calcium. In the absence of calcium binding to cbEGF13 this conformational change does not occur and cbEGF12 is also unable to bind calcium.
DISCUSSION
Our study has revealed that pathogenic mutations which affect calcium binding to cbEGF13 of fibrillin-1 cause unexpected ER retention of the mutant protein, consistent with a protein folding defect, while an identical mutation affecting cbEGF19 results in secretion. Since genetic mutations affecting calcium binding to cbEGF domains are a common cause of disease and may affect a variety of different proteins, the molecular basis for these trafficking effects was investigated. On detailed analysis of purified recombinant fragments it was found that the mutant proteins associated with ER retention not only demonstrated loss of calcium binding to cbEGF13 but also to cbEGF12. Since calcium binding is a marker for the correct fold of a cbEGF domain, these data indicated that cbEGF12 was unable to adopt a Ca 2þ -dependent fold as a consequence of the cbEGF13 substitution.
Our data are consistent with a post-translational, rather than co-translational model of folding for this region and suggest that cbEGF13 adopts its native fold earlier than cbEGF12 despite the fact that it is C-terminal to cbEGF12 and would be synthesized later. Evidence for this was provided by analysing the early stages in the binding of Ca 2þ to cbEGF12 and 13 by NMR and demonstrating that residue F1093, located close to the low-affinity calcium-binding site in cbEGF12, showed a conformational change as calcium was bound to the highaffinity site in cbEGF13. It is hypothesized that the conformational change in the interface between cbEGF12 and 13 stabilizes cbEGF12 allowing it to bind calcium. In keeping with this post-translational model, if the cbEGF13 domain is unable to bind calcium due to the effect of a mutation this conformational change will not occur and cbEGF12 will also be unable to bind calcium, thus resulting in a protein-folding defect. Such co-operative Ca 2þ -dependent folding of cbEGF12 is substantiated by our molecular and cellular data for the calcium-binding substitutions in cbEGF13. In contrast to the effects of the calcium-binding substitutions, cbEGF13 in the G1127S mutant construct is still able to bind calcium although with a reduced affinity. This site is still likely to be saturated in vivo due to the high concentrations of Ca 2þ in the ER, thus facilitating cbEGF12 folding and resulting in this mutant's observed normal secretion from the fibroblast (31). Our proteolytic data for TB3-cbEGF11 -13, demonstrating loss of protection to cleavage sites in cbEGF11, also suggest that cbEGF11 is affected by cbEGF13 substitutions, although the inability to examine this construct in detail by NMR due to size constraints prevented us from conclusively demonstrating the absence of a Ca 2þ -dependent fold, as with cbEGF12. Mechanisms, beyond a simple co-translational model, for how the nascent polypeptide chains of multi-domain proteins fold in vivo are beginning to emerge. The LDL receptor (LDL-R) is, like fibrillin-1, a multi-domain protein and has been shown to undergo extensive post-translational folding. A study of LDL-R has suggested that folding is non-vectorial and occurs by way of 'collapsed' intermediates that contain long-range non-native disulphide bonds (39) . It is suggested that these subsequently isomerize to form the native disulphide pairings. The relevance of these findings to other multidomain proteins remains an area for speculation, though there appears no reason to assume that all proteins fold in a similar manner. While LDL-R appears to undergo a post-translational, global folding process, our results define a type of folding mechanism involving domain -domain interactions. A combination of the molecular properties of the particular protein as well as the involvement of cellular chaperones may determine whether or not folding is co-translational or more complex. Sequential and co-translational folding may occur in other proteins with a multi-domain organization and other regions of fibrillin-1 provided that the individual domains are stable in the absence of the remainder of the polypeptide chain, and/or the newly synthesized sequence is not prevented from folding as it enters the ER lumen due to a missense substitution.
The mechanisms by which misfolded proteins, arising as a consequence of genetic mutation, cause cellular dysfunction and disease appear diverse. The misfolded proteins may be prevented from reaching their correct cellular location due to their retention and/or degradation causing haploinsufficiency, or they may exert a dominant negative effect by interfering with the function of interacting partners. In contrast to N1382S in cbEGF19, which was expressed into conditioned medium in a manner identical to the wild-type fragment, each of the calcium-binding substitutions in cbEGF13 caused an intracellular retention of the recombinant fragment. The accumulation of protein observed in these experiments appears to be in the ER where further modification of the core carbohydrate structures is prevented. A growing number of diseases with an ER storage phenotype have been recognized including Class 2 hypercholesterolemia, which arises from mutations in the LDL-R locus, producing proteins that are blocked in transport between the ER and the Golgi complex. Accumulation of misfolded LDL-R in the ER causes ER stress and activates the unfolded protein response (UPR) (40) . The contribution of the UPR to MFS pathology is unknown.
In pulse chase studies of MFS fibroblast cells containing cysteine substitutions in fibrillin-1 cbEGF domains, two different cellular phenotypes of normal or delayed secretion have been observed (10, 12) . It is possible that, like the calciumbinding substitutions studied here, the heterogeneous trafficking profiles are highlighting regions of the protein which undergo more complex co-operative folding. A study (37) of the structural effects of two cysteine substitutions in cbEGF30 identified surprisingly short-range and unidirectional effects, which resulted in local misfolding of The pathogenic mechanism of MFS and related fibrillinopathies is complex and currently the focus of much research (for review see 41) . Comparison of the consequences of the substitutions in cbEGF13 with calcium-binding substitutions in cbEGF19 demonstrates that these findings in the neonatal region are distinct from those observed in another region of fibrillin-1. However, neither the type nor position of the altered residue, the location of the affected domain in fibrillin-1 or the involvement of complex folding behaviour, is sufficient to predict genotype -phenotype correlations. For example N1131Y (nMFS) has the same cellular and molecular phenotype as D1113G and D1115G (classic MFS) although it causes a different severity of disease. However, the normal secretion of the nMFS-causing E1073K (in cbEGF12) compared with N1131Y (in cbEGF13) would suggest that pleiotropic mechanisms underlie nMFS. Significant intrafamilial variability implies that environmental or other modifying factors are important for the phenotypic expression of disease, but the clustering of mutations causing nMFS would still indicate that this region has a vital role to play in microfibril structure and function. Future studies will focus on whether the mutant proteins retained as a consequence of this misfolding have an intracellular dominant effect or cause MFS via haploinsufficiency.
This study has highlighted further complexity in the molecular pathology of MFS by demonstrating that identical mutations expressed in the same domain context result in alternative trafficking fates of mutant proteins. A co-operative dependence of protein folding of cbEGF12 on cbEGF13 accounted for the ER retention associated with defective calcium binding to cbEGF13. Such complex folding behaviour must be taken into account when considering the molecular mechanisms that underlie MFS and other diseases of cbEGFcontaining proteins.
MATERIALS AND METHODS
Cloning of mammalian expression vectors
The DNA fragment encompassing residues 134 -1471 of human fibrillin-1 and encoding amino acids 1-446 (numbering according to 42) was cloned into the pKG52(poly A) mammalian expression vector to generate a construct containing the N-terminus to the proline-rich region of fibrillin-1 (NterPro fragment). The cbEGF11 -22 fragment (nucleotides 3212 -4714; amino acid residues 1027-1527) was subsequently cloned downstream of the NterPro fragment to produce a pKG52(poly A) vector containing the NterPro-cbEGF11 -22 fragment. Details of the cloning procedures were as described previously (31) .
Missense mutations to generate D1113G, D1115G, N1131Y, N1131S, E1073K and N1382S in the cbEGF11 -22 fragment were introduced by a PCR-based site-directed mutagenesis method with Pfu DNA polymerase in pBluescript II vector as described previously (31) . The primers used are given in Supplementary Material, Table S5 . The mutated fragments were excised from the pBluescript vector and religated into the pKG(poly A) expression vector. The correct orientation of inserts and generation of the desired mutation was confirmed by DNA sequencing.
DNA transfection and expression of wild-type and mutant eukaryotic constructs
Transfection of the human dermal fibroblast line MSU-1.1 by plasmid DNA to generate pools of clones was described previously (31) . The expression of wild-type and mutant constructs was compared with pools of clones rather than isolated clones to eliminate the effects of clonal variability on the level of expression. Conditioned media and cell lysates were sampled, run on SDS -PAGE and immunoblotted with anti-Pro antibody as described previously (31) . Glycosylation assays of conditioned media and cell lysates were carried out with PNGase F and Endo H according to the manufacturer's instructions (New England BioLabs Inc.).
Cloning and purification of wild-type and mutant cbEGF domain constructs
The wild-type sequences of cbEGF12 -13 and cbEGF12 -14 were amplified as described previously (34) . The multidomain construct TB3-cbEGF11-13 (nucleotides 2987 -3595, amino acid residues 952 -1154) was amplified with a forward primer: 5 0 -TAGTAGGGATCCATAGAAGGACGA TCAGCAGATATCCGCCTGGAAACC and the reverse primer for cbEGF13 described previously (33) .
DNA fragment (nucleotides 4094-4468 of human fibrillin-1 cDNA) encoding the wild-type sequence of the cbEGF18-20 triple construct (amino acid residues 1321-1445) was amplified by standard PCR techniques using Pfu polymerase. The DNA was amplified using a forward primer that includes a Factor Xa cleavage site: 5 0 -TAGTAGGGATCCATAGAAGGACGATCA GCAACAGACATCAATGAATGTGAAATTG and a reverse primer: 5 0 -TAGTAGGTCGACCTATTATTCACAGGCTTT CCCGTCAGC.
The mutations in cbEGF13 and cbEGF19 were introduced into pQE30 recombinant plasmids containing the cDNA sequences of the wild-type constructs by site-directed mutagenesis with the forward and reverse primers given above for the eukaryotic constructs.
Protein purification, refolding and His-tag cleavage were carried out as described previously (32 -34) and the identity of the purified proteins was confirmed by electrospray mass spectrometry.
Limited proteolysis of wild-type and mutant cbEGF domain constructs
Proteolysis with trypsin (Sigma) 1:80 w/w was performed as described previously (34) with peptides dissolved at a final concentration of 1.6 mg/ml. N-terminal sequencing was carried out after digestion for 30 min in the presence of 50 mM Ca 2þ or 25 -50 mM EGTA. Samples were purified under non-reducing conditions by reverse phase HPLC and sequenced on an Applied Biosystems 494A Procise sequencer (PE Biosystems).
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Calcium chelator competition assays
Ca 2þ dissociation constants of high-affinity sites were determined with the chromophoric chelator 5,5 0 -Br 2 BAPTA (43) as described previously (35, 37) . The titrations were repeated at least three times to provide an estimate of the experimental error. The K d values were calculated by least squares fitting to the data as described previously using in-house software (43) (44) (45) (46) .
NMR studies of wild-type and mutant cbEGF domain constructs 1 H NMR experiments were performed at 500 MHz using a home-built spectrometer in the Oxford Centre for Molecular Sciences NMR facility. Wild-type, D1115G mutant and N1131S mutant cbEGF12-14, and wild-type and N1382S mutant cbEGF18-20 samples were dissolved in 550 ml of matrix solution (99.9% D 2 O containing 5 mM Tris -HCl and 150 mM NaCl, pH 6.5) to produce final protein concentrations of 0.3 mM. Calcium titrations were performed by adding small aliquots of CaCl 2 solutions in D 2 O; calcium concentrations ranged from 0 to 55 mM. All experiments were conducted at 358C. The K d values of the lower affinity sites in cbEGF12, cbEGF18 and cbEGF20 were calculated as described previously (38) .
One-dimensional NMR spectra were collected with a spectral width of 5494.51 Hz, 4096 complex points and 512 acquisitions. Two-dimensional NOESY spectra were recorded with a spectral width of 5494.51 Hz in both dimensions, with 96 acquisitions and with 1024 and 256 complex points in the F 2 and F 1 dimensions, respectively. A mixing time of 150 ms was used. Assignments for aromatic residues were determined using 2D DQFCOSY, TOCSY and NOESY spectra.
